Introduction {#sec1}
============

Bismuth vanadate (BiVO~4~), an *n*-type semiconductor, is one of the most promising photoanode materials for photoelectrochemical oxidation of water. It is stable in a pH range between 3 and 11,^[@ref1]^ environmentally benign, widely available, nontoxic, inexpensive, and is commonly used in industry as a yellow pigment. The valence band edge of the monoclinic phase is located at 2.8 V vs NHE^[@ref2]^ and is thus sufficiently positive to oxidize water at a potential of 1.23 V vs NHE. The conduction band edge is located at 0.3 V vs NHE,^[@ref2]^ which is near the H~2~ evolution potential of 0 V vs NHE. Thus, the photocurrent onset potential is relatively low, leading to high photocurrents in comparison to other photoanode materials with more positive conduction band edges.^[@ref3]^ The indirect bandgap of 2.4 to 2.5 eV^[@ref2],[@ref4]^ allows to absorb up to 11% of the solar spectrum, which equals a theoretically maximum photocurrent of 7.5 mA/cm^2^ and a solar to hydrogen efficiency of 9% when illuminated with an AM 1.5 spectrum.^[@ref5]^

Further efficiency improvement can be achieved by stacking BiVO~4~ on a lower band gap absorber, such as silicon.^[@ref6],[@ref7]^ However, the BiVO~4~ minority-carrier diffusion length of 70 nm^[@ref8]^ is below the required thickness for optimal optical light absorption. This means that the layers in BiVO~4~ photoanodes cannot be made sufficiently thick to absorb all of the incident photons with energies above 2.5 eV. When the layer becomes too thick, the photogenerated charges will not be able to reach the electrolyte to perform the desired oxidation reaction.

Several routes have been described in literature to overcome this drawback. Most of them focus on improvement of charge transport by doping with for instance molybdenum,^[@ref9]−[@ref11]^ tungsten^[@ref5],[@ref12]^ or nitrogen,^[@ref13]^ or by the creation of oxygen vacancies by annealing in hydrogen atmosphere.^[@ref14],[@ref15]^ Others have created BiVO~4~ layers with a high internal surface area. This was achieved by developing a procedure to create nanoporous BiVO~4~ from electrodeposited BiOI sheets. This method of preparation suppressed bulk carrier recombination without additional doping.^[@ref3],[@ref16]^ Furthermore, others have created WO~3~/BiVO~4~:W core/shell heterostructures which combine the merits of the two semiconductors, i.e., the excellent charge transport characteristics of WO~3~ and the good light absorption capability of BiVO~4~.^[@ref17]−[@ref22]^

A further alternative to improve the activity of BiVO~4~ photoanodes is to deposit BiVO~4~ on structured conductive substrates which provide a high internal surface area such as arrays of nano- or microwires. The BiVO~4~ layers are thin, providing short minority carrier diffusion lengths, and thus reducing electron and hole recombination.^[@ref23]^ Additionally, these systems have light trapping properties and thus lead to a much higher absorption of incident photons with energies above the semiconductor bandgap.^[@ref24]−[@ref27]^

Many methods have been developed to deposit BiVO~4~ on substrates, such as spray pyrolysis,^[@ref28],[@ref29]^ chemical bath deposition,^[@ref30]^ chemical vapor deposition,^[@ref31]^ pulsed laser deposition,^[@ref32]^ hydrothermal^[@ref33]^ or direct^[@ref34]^ and indirect^[@ref3],[@ref16],[@ref35]^ electrodeposition. However, the method has to be compatible with (i) deposition on three-dimensional structures, (ii) introduction of dopants, (iii) a high surface area of nanoporous BiVO~4~, and (iv) favorable pricing and scalability.

In this study, we evaluate the performance of systems combining all positive effects and opportunities for improvement of BiVO~4~: we deposit nanoporous, molybdenum-doped, and hydrogen-annealed H-BiVO~4--*x*~:Mo on *p*-type silicon microwire arrays (with an intermediate indium tin oxide (ITO) layer) using a two-step synthesis procedure developed by Choi et al.^[@ref3],[@ref16]^ The *p*-doped Si used here was not modified to create *p*/*n*-junctions, and was merely used as a conductive, easy to structure substrate in the present study. First, the electrodeposition of BiOI was studied with a focus on the influence of microwire spacing and length on deposition rate. The BiOI deposition process is triggered by a local pH change which allows to analyze the formation of pH gradients in-between the microwire structures through the observation of gradients in BiOI thickness. Then, the transformation to H-BiVO~4--*x*~:Mo was evaluated, analyzing the effect of doping and annealing of BiOI-derived BiVO~4~ on flat Si surfaces. Finally, the effect of Si architecture on the performance of H-BiVO~4--*x*~:Mo was evaluated, including arrays of microwires of variable length and spacing.

Materials and methods {#sec2}
=====================

Fabrication of Silicon Microwire Arrays {#sec2.1}
---------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} schematically shows the fabrication process of BiVO~4--*x*~:Mo-coated silicon microwire arrays. Highly boron-doped, *p*-type silicon substrates (⟨100⟩-oriented, resistivity 0.010--0.025 Ωcm, 100 mm diameter, 525 μm thickness, single-side polished, Okmetic Finland) were cleaned by immersion in 100% nitric acid (HNO~3~) (2 × 5 min) and in 69% nitric acid (10 min), followed by quick dump rinsing in demineralized (DI) water, immersion in a 1% aqueous hydrofluoric (HF) acid for at least 1 min to remove the formed oxide shell, and another quick dump rinsing cycle. After spin-drying of the wafers, areas with an array of microwires (specifications: diameter 4 μm, spacing 4--20 μm, hexagonally stacked, 0.5 cm × 0.5 cm cell size on a specimen of 2 cm × 2 cm) were defined in photoresist (Olin 907-17), and postbaked for 10 min at 120 °C after exposure and development. The photoresist acted as a mask layer during deep reactive ion etching (CF-chemistry, SPTS Pegasus). The height of the wires was determined by the etch duration, which was set to 60, 120 or 180 s, resulting in microwire lengths of approximately 5.3, 10.6 and 15.9 μm. The enhancement factors between projected and effective surface area for a complete and partially microwire structured area are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Schematic illustration of the integration of H-BiVO~4--*x*~:Mo on silicon microwire arrays as a photoanode. (a) Definition of microwire arrays by standard UV lithography. (b) Deep reactive ion etching (DRIE) and removal of photoresist. (c) HF etching of silicon oxide and sputtering of aluminum/silicon alloy (99% Al, 1% Si) on the backside and ITO on the frontside. (d) Electrochemical deposition of BiOI from a KI, Bi(NO~3~)~3~ and *p*-benzoquinone in water/ethanol solution at −0.1 V vs Ag/AgCl (3 M NaCl). (e) Formation of H-BiVO~4--*x*~:Mo by dropcasting VO(acac)~2~ and Na~2~MoO~4~ in DMSO, evaporation of DMSO at 100 °C, calcination at 450 °C in air, soaking in 1 M KOH and reduction in a 5% H~2~/95% Ar atmosphere at 300 °C for 0.5 h.](sc-2018-05756a_0002){#fig1}

###### Total Surface Area Enhancement by Microwires of 4 μm Diameter and Sample Area Enhancement Containing 22.1% Microwire-Structured Area During BiOI Deposition and 85.7% Microwire-Structured Area during Photocurrent Measurements[a](#tbl1-fn1){ref-type="table-fn"}

![](sc-2018-05756a_0009){#GRAPHIC-d7e498-autogenerated}

The active area is illustrated inside the black frame in the schematic illustrations. The centered square is a microwire-structured area with a projected surface area of 0.25 cm^2^.

Sputtering of Indium Tin Oxide (ITO) {#sec2.2}
------------------------------------

The wafers were treated with oxygen plasma for 20 min followed by C~4~F~8~ cleaning for 1 min to remove fluorocarbon residues (GIGAbatch 360P), and immersed in 100% nitric acid (HNO~3~) (2 × 5 min) and consecutively in 69% nitric acid (10 min), followed by a quick dump rinse in DI water to remove any residue from the etching process, immersion in 1% aqueous HF for at least 1 min to remove the silicon oxide shell, washing by quick dump rinsing in DI water, and spin-drying. Subsequently, the backside was sputter-coated with a 1 μm thick aluminum/silicon alloy (99% Al, 1% Si) (Oxford PL 400, 7000 W) to create a low resistance Ohmic contact. Thereafter, the frontside was coated with ITO in a home-built reactive magnetron sputtering system (TCOater) in direct current (DC) mode, using a 90 wt % In~2~O~3~--10 wt % SnO~2~ (99.99%) target of 4.00 in. diameter. A DC power of 100 W was applied. The distance between the target and the substrate was kept at 44 mm, and the substrate was rotated at 5 rpm during the whole deposition process. The reactor chamber was pumped down to a base pressure of 5.0 × 10^--7^ mbar prior to sputtering, and a mix of 40 sccm Ar and 1 sccm O~2~ (99.5%) was introduced as reactive gas and an Ar (99.99%) flow of 20 sccm as sputtering gas. The process pressure was 5.0 × 10^--7^ mbar and the substrate temperature during deposition was maintained at 20 °C. Before ITO was sputtered on the wafer, presputtering was carried out under the same conditions for 1 min with a shutter covering the substrate. The deposition times were either 5 or 20 min and the ITO deposition rate varied from 7 nm/min in the center to 6 nm/min at the edge on the horizontal part of the wafer. ITO thicknesses were determined by SEM.

Electrodeposition of BiOI {#sec2.3}
-------------------------

The electrodeposition procedure of BiOI and the following transformation to BiVO~4~ was derived from publications of Choi et al.^[@ref3],[@ref16]^ A 0.4 M potassium iodide (KI) and 0.04 M bismuth(III) nitrate (Bi(NO~3~)~3~) solution was prepared by dissolving KI (≥99.0%, Sigma-Aldrich) in high-purity water (Millipore, Milli-Q, *R* = 18.2 MΩcm), adjusting the pH to 1.7 with nitric acid (HNO~3~, 70%, ACS reagent, Sigma-Aldrich) and adding Bi(NO~3~)~3~·5H~2~O (≥98.0%, Sigma-Aldrich). To this solution, a solution of 0.23 M *p*-benzoquinone (≥98%, Sigma-Aldrich) in ethanol (99.8%, AA Chemie B.V.) was added in a ratio of 2:5 (ethanol:aqueous) and stirred vigorously for 1 h. The deposition was performed potentiostatically at −0.1 V vs a Ag/AgCl (3 M NaCl, BioLogic RE-1B) reference electrode in a custom-made Teflon-based reactor with a volume of about 8 mL and a platinum mesh counter electrode. A potentiostat (PAR, VersaStat 3) served as a power source. The active silicon/ITO surface area was 1.13 cm^2^ as defined by the O-ring, and the deposition times were 30, 60, 120, or 300 s. This area covered 0.25 cm^2^ of the structured, and 0.88 cm^2^ of a flat surface (see drawing in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). All deposition experiments were performed at room temperature, and the reactor was open to the environment. The samples were prepared in two batches, and each sample in each batch was processed consecutively. The data reported in the results paragraph are based on samples from the same batch.

Synthesis of H-BiVO~4--*x*~:Mo {#sec2.4}
------------------------------

A solution (25 μL) of dimethyl sulfoxide (DMSO, ≥99.5%, Sigma-Aldrich) containing 0.4 M vanadyl acetylacetonate (VO(acac)~2~, 98%, Sigma-Aldrich) with or without 0.004 M sodium molybdate (Na~2~MoO~4~, ≥99%, Sigma-Aldrich) was added on top of the BiOI-coated substrate and dried in a preheated drying oven at 100 °C for 60 min. Samples were calcined immediately at 450 °C for 2 h (at a heating rate of 2 °C/min). Afterward, the excess of vanadium(III) oxide (V~2~O~3~) was removed by placing 500 μL of an aqueous (Milli-Q) 1 M KOH (99.99%, Sigma-Aldrich) solution on top of the sample for 30 min, rinsing with Milli-Q water, and drying with compressed air, and repeating this whole procedure. Subsequently, the samples were annealed in a tube furnace at 300 °C for 0.5 h at a heating rate of 10 °C/min in a 5% H~2~/95% Ar atmosphere at a flow of 500 sccm. The microwire-structured samples were prepared in two batches, and all samples in each batch were processed simultaneously. The data reported in the results paragraph are based on samples from the same batch.

Photoelectrochemical Measurements {#sec2.5}
---------------------------------

Photoelectrochemical measurements of individual electrodes were performed in a custom-made Teflon-based reactor with a volume of about 8 mL which was open to the environment. Illumination occurred through a quartz glass window and 25 mm electrolyte (front-side illumination), and the incident beam was perpendicular to the specimen surface. A solar simulator (Newport) with a 300 W xenon lamp and an air mass (AM) 1.5 global filter was used as light source. The intensity of the simulated sunlight was adjusted to 1 sun (100 mW/cm^2^) with a standard reference silicon solar cell. The *J*--*V* photocurrent data were obtained using a standard three-electrode setup with a platinum mesh counter electrode and a Ag/AgCl (3 M NaCl, BASi MF 2052) reference electrode at room temperature. The reference electrode has a potential (*E*~Ag/AgCl~^o^) of +0.209 V with respect to the standard hydrogen electrode (SHE), which was confirmed with a new Ag/AgCl (3 M NaCl, BASi MF 2052) master reference electrode before measurements. All voltages reported were calculated versus the reversible hydrogen electrode (RHE) using the following [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}:

An air-saturated 1 M sodium sulfite (Na~2~SO~3~) in 0.5 M potassium phosphate (KPi) buffer solution with a pH of 7.0 served as the electrolyte. The potential was swept with a scan rate of 10 mV/s from 0 to 2.0 V vs RHE first in dark and then under illumination. A potentiostat (PAR, VersaStat 4) served as a power source. The active surface area was 0.28 cm^2^ as determined by the O-ring. This area covered 0.24 cm^2^ of the structured and 0.04 cm^2^ of flat surface (see drawing in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). These values were incorporated in the determination of the effective surface area calculation. The samples were prepared in two batches, and all samples in each batch were processed consecutively. The data reported in the results paragraph are based on samples from the same batch.

Scanning Electron Microscopy (SEM) {#sec2.6}
----------------------------------

High-resolution scanning electron microscopy (HR SEM) images were taken with a FEI Sirion FEG SEM with a Through the Lens Detector (TLD), operated at acceleration voltages of 10 kV. The imaged areas are random, and somewhere around the center of the sample.

X-ray Powder Diffraction (XRD) {#sec2.7}
------------------------------

X-ray diffraction patterns were determined with a Bruker D2 PHASER XRD using Cu K~α~ radiation at an acceleration voltage of 30 kV.

Raman Spectroscopy {#sec2.8}
------------------

Raman spectra were collected at ambient conditions by using a Bruker SENTERRA Raman Spectrometer equipped with a 532 nm laser and a cooled CCD detector. Measurements were performed at 10 mW laser power intensity and integration times of 2.0 s.

Results and discussion {#sec3}
======================

Electrodeposition of BiOI {#sec3.1}
-------------------------

Hexagonally stacked microwires of 5.3, 10.6, and 15.9 μm length, 4 μm diameter and 4, 6, 8, 10, 15, and 20 μm spacing were prepared on areas of 0.5 cm × 0.5 cm in the center of 2 cm × 2 cm cells on highly boron-doped (∼2 × 10^18^ cm^--3^--∼8 × 10^18^ cm^--3^) silicon substrates. High boron doping was chosen because of its high conductivity and thus low series resistance, the possibility to use silicon with *p*/*n* junctions of which the surface would be highly *p*-type doped, and the creation of a low resistance ohmic contact to sputtered ITO. Such an ITO interlayer has been shown to enhance anodic photocurrent densities of WO~3~ on *p*-Si,^[@ref36]^ which can also be expected for H-BiVO~4--*x*~:Mo on *p*-Si.

The first step in H-BiVO~4--*x*~:Mo preparation is the electrodeposition of BiOI from a solution of KI, Bi(NO~3~)~3~ and *p*-benzoquinone in aqueous ethanol.^[@ref16]^ Following the literature procedure, a pH increase near the *p*-Si surface is induced by the electrochemical reduction of *p*-benzoquinone to hydroquinone ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}), which in turn promotes the deposition of BiOI.^[@ref3]^

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c shows the charge densities passed during the BiOI growth on a 0.25 cm^2^ structured area containing pillared Si, as a function of deposition time. The curves show the current densities as per projected surface area (solid lines), and were recalculated to values per effective surface area, considering the length and spacing of the pillars (dashed lines). The values are negative to represent the direction of electron flow toward the working electrode. All curves, including the curves for flat Si (recorded for reference), show an S-shaped profile. Initially some nuclei of BiOI are formed, which presumably grow in quantity and size with time. The formation of these nuclei generates additional surface area for deposition, explaining the increase in charge accumulation, most obvious after approximately 20 s of deposition. After 60 s, the pillars are likely fully covered by a film of BiOI, which leads to an increase of the resistance, resulting in the decelerating accumulation of additional charge density in time.

![Transferred charge densities during electrochemical deposition of BiOI from a solution of KI, Bi(NO~3~)~3~ and *p*-benzoquinone in water/ethanol at −0.1 V vs Ag/AgCl (3 M NaCl) on flat and pillared *p*-type doped silicon substrates, the latter with 5.3 μm (a), 10.6 μm (b) and 15.9 μm (c) long hexagonally arranged microwire arrays of 4 μm diameter and various spacing. (d) Direct comparison of the effect of microwire spacing on charge density after 120 s deposition time, demonstrating increasing charge density (more negative) per effective surface area (dashed lines) as a function of increasing microwire spacing. The projected sample area was 1.13 cm^2^ as defined by the O-ring which contained microwires in a 0.25 cm^2^ cell.](sc-2018-05756a_0003){#fig2}

At all microwire lengths, and in particular for the longer lengths ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,c), the passed charge densities were larger on structured samples than on flat ones. When corrected for the increased surface area generated by the pillared structure (per effective surface area), however, the charge density was generally lower than obtained for flat surfaces.

Differences as a function of microwire spacing are illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. Although the charge densities per projected surface area (solid lines) increased (became more negative) as a function of decreasing microwire spacing, these values decreased (became less negative) per effective surface area. This suggests, on average, less reactant is available for deposition per surface area, if the microwire spacing is small. This should result in thinner films for small microwire spacings.

To visually inspect this assumption, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows selected SEM images of microwire arrays with 6 and 15 μm spacing and 15.9 μm length after BiOI deposition. SEM images of all samples coated with BiOI are shown in [Figures S1, S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf).

![SEM images (45° tilted) of electrodeposited BiOI for 30 s (a, b) and 120 s (c, d) on 15.9 μm long hexagonally arranged *p*-type doped silicon microwire arrays of 4 μm diameter and 6 μm (a, c) or 15 μm (b, d) spacing, with ITO sputtered for 5 min.](sc-2018-05756a_0004){#fig3}

It can be seen that the BiOI growth is feasible on three-dimensional surfaces and that the microwire surface is covered completely with BiOI after a deposition time of 120 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d). In agreement with [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d (the larger charge density), the film appears somewhat thicker for the sample with the (wider) 15 μm spacing.

After deposition times of 30 s, i.e., at the onset of the rapid growth stage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), the samples were either completely ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, 6 μm spacing) or partially covered ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, 15 μm spacing) with a thin layer of BiOI. BiOI apparently starts to grow gradually from the bottom to the top. Several explanations are possible for the phenomena observed in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}. The growth from the bottom to the top in the first 30 s, is explained by the pH increase being locally the highest at the base of the microwire arrays, because there protons and *p*-benzoquinone are consumed not only by electrochemical conversion on the surface of the pillar but also on the exposed base, likely inducing a pH gradient. Other reported results strengthen this hypothesis. In earlier work,^[@ref37]^ we have observed an inversed gradient of electrodeposited Pt particles from a solution containing H~2~PtCl~6~ on an array of microwires (with 7 μm length, 4 μm diameter and 2 μm spacing). There, the deposited Pt particle density was also higher at the bottom than the top. We have tentatively attributed this to diffusion limitation of the precursor in between the microwire arrays and have verified this with a control experiment in which we performed the deposition under the same conditions on microwire arrays of 16 μm spacing. We have found visibly significantly less inhomogeneity. Shaner et al. have electrodeposited WO~3~ from a tungstic peroxy-acid solution on ITO-coated silicon microwires of 40 to 70 μm length, ∼2 μm diameter and 4 μm spacing in a square arrangement.^[@ref38]^ Also, they have found a gradient in WO~3~ thickness over the microwire length for which the WO~3~ thickness decreased from the top to the bottom due to a quicker depletion of the peroxo-tungstic acid at the bottom compared to the top.

We exclude that a voltage drop along the microwires caused the gradient in BiOI during its deposition. Accounting for the highest wafer resistivity of 0.025 Ωcm, 15.9 μm length and 4 μm diameter of the microwire and a highest current density during BiOI deposition of 3 mA/cm^2^, the maximal potential drop can be calculated to be 1.1 × 10^--7^ V.

When the rate of deposition increases after 30 s, diffusion-limited mass transport of species involved in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} (*p*-benzoquinone, hydroquinone) into and/or out of the intramicrowire space, appears to control the deposition process, which is apparently more dominant for low microwire spacings.

Another potential cause for disproportionality in charge density during BiOI deposition and its inhomogeneous growth is that the sputtered ITO layer is too thin and does not cover the sides of the microwires completely, in particular when present at low spacing. Using our recipe, a ∼30 nm film formed on a flat substrate during 5 min of sputtering. However, if ITO is truly inhomogeneously distributed, then we would expect BiOI growth to be similar on the bottom between the microwires and on the microwire tops, which is not evident. Nevertheless, we have sputtered a 4-fold amount of ITO (20 min sputtering time, ∼120 nm thickness on a flat substrate) on the samples in a second batch of production of microwires. We have constructed microwire arrays with spacings of 6 to 15 μm, kept the microwire length constant at 10.6 μm, and deposited BiOI for 30 to 300 s. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf) shows the charge densities passed during the BiOI growth on these samples which had an active surface area of 1.13 cm^2^ including a 0.25 cm^2^ structured area. Also with a thicker ITO layer, BiOI deposited well on microwire-structured surfaces ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf)), while more charge passed through the system when thicker ITO layers were sputtered. We speculate that this is due to a lower resistance of the thicker ITO layer, which might originate from a different relative oxygen content in ITO or a higher crystallinity. We note that a less pronounced trend in effect of smaller microwire spacing on increasing charge density is observed in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf) compared to that shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, while a wider spread in absolute values of charge density was obtained when comparing variable BiOI deposition times. A direct control experiment in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf) in which we deposited BiOI for 120 s on microwires with an ITO coating sputtered for 5 or 20 min confirmed this. Thus, some effect of ITO uniformity, besides the advocated mass transfer limitation of quinone or hydroquinone, cannot be excluded.

On flat Si substrates, the BiOI growth rate appeared linear over the passed charge density between a deposition time of 30 and 120 s ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). At a higher deposition time of 300 s, the BiOI thickness decreased. This is due to a decreasing current density over time, evident from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, which became too low to sustain a significant pH gradient between the substrate surface and the bulk solution. Apparently, BiOI starts to redissolve back into solution when the pH near the surface becomes too low.

![Cumulative transferred charge densities (a, b), 45° tilted (c--g) and cross sectional (k, l) SEM images of BiOI electrochemically deposited from a solution of KI, Bi(NO~3~)~3~ and *p*-benzoquinone in water/ethanol at −0.1 V vs Ag/AgCl (3 M NaCl) on flat *p*-type doped silicon with ITO sputtered for 5 min (a dotted line, b circle, f, k) and 20 min (a solid lines, b squares, c, d, e, g, h, i, j, l). The projected sample area was 1.13 cm^2^ as defined by the O-ring.](sc-2018-05756a_0005){#fig4}

In summary, the current density profiles and SEM images have demonstrated the following:Growth is initiated (in the first 30 s) by nucleation at the base of the microwire arrays and bottom of the microwires, explained by the most effective increase in pH at these locations.A gradient in pH causes a decreasing gradient in deposition rate from bottom to top (within the first 30 s).Rapid growth after 30 s is likely limited by ineffective transport of *p*-benzoquinone to or from the intra-microwire space, leading to lower charge density per effective surface area for microwires with the lowest spacing.Growth is self-limiting due to enhanced interfacial resistance induced by the BiOI film.Film thicknesses range from 200 to 300 nm, depending on the applied deposition time.

Doping and Hydrogen Annealing to Transfer BiOI into H-BiVO~4--*x*~:Mo {#sec3.2}
---------------------------------------------------------------------

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows selected SEM images of microwire arrays with spacings of 6 and 15 μm and a length of 15.9 μm, after transformation of BiOI (deposition times of 30 and 120 s) into H-BiVO~4--*x*~:Mo. SEM images of all prepared samples of 5.3, 10.6 and 15.9 μm length and 4, 6, 8, 10, 15 and 20 μm spacing are shown in [Figure S6, S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf). The H-BiVO~4--*x*~:Mo coating was nanoporous and covered the three-dimensional microwire surfaces when BiOI was deposited for 120 s, but showed defects in the form of cracks ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d). These defects are attributed to crystallization during the DMSO evaporation process. Microwires onto which BiOI was deposited for only 30 s and thus were not completely covered were also incompletely covered with H-BiVO~4--*x*~:Mo ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). Similar results were achieved when H-BiVO~4--*x*~:Mo was prepared on microwires sputtered with ITO for 20 min and BiOI deposition times were 30, 60, 120 and 300 s ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf)). Also here, a complete H-BiVO~4--*x*~:Mo coating was only obtained at BiOI deposition times greater than 30 s.

![SEM images (45° tilted) of H-BiVO~4--*x*~:Mo prepared from BiOI electrodeposited for 30 s (a, b) and 120 s (c, d) on 15.9 μm long hexagonally arranged *p*-type doped silicon microwire arrays of 4 μm diameter and 6 μm (a, c) or 15 μm (b, d) spacing with ITO sputtered for 5 min.](sc-2018-05756a_0006){#fig5}

To study the effects of Mo addition and hydrogen annealing, reference samples were prepared in which the transformation of BiOI to BiVO~4~ was performed without Mo addition and in which BiVO~4~:Mo was not annealed in hydrogen atmosphere. X-ray diffractometry (XRD) and Raman spectroscopy revealed that nanoporous doped and undoped BiVO~4~ were highly crystalline and of purely the monoclinic scheelite phase ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf)).^[@ref39],[@ref40]^ No detectable diffraction peak shifts were observed in the XRD due to Mo doping or annealing in hydrogen atmosphere which is in agreement with earlier reports.^[@ref11],[@ref14],[@ref15],[@ref41],[@ref42]^

The Raman spectra ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf)) show characteristic VO~4~ tetrahedron vibrational modes of monoclinic BiVO~4~ at around 211, 328, 367, 712 and 826 cm^--1^. The major band at 826 cm^--1^ represents the A~g~ mode of the symmetric V--O stretching.^[@ref39]^ A shift of this vibrational mode to lower frequency of 822 cm^--1^ and the appearance of an additional peak at 876 cm^--1^ confirmed the Mo doping in BiVO~4~ in these samples. The redshift of the A~g~ mode frequency in BiVO~4~:Mo and H-BiVO~4--*x*~:Mo is interpreted as an increase of the bond lengths in the tetrahedrons by a substitution of Mo for V, and the peak at 876 cm^--1^ is due to Mo--O--Mo stretching.^[@ref43],[@ref44]^

The exact doping level of Mo in our experiments is not known but it is assumed to be below 6.0%. Mo doping levels higher than 6.0% should lead to a noticeable change in the XRD pattern due to a structural change from monoclinic to tetragonal phase or precipitation of V~2~O~5~.^[@ref41],[@ref45],[@ref46]^

Photoelectrical and Photoelectrochemical Characterization of Flat Substrates {#sec3.3}
----------------------------------------------------------------------------

We initially studied the dependence of doping and annealing in hydrogen on the photocurrent properties. In our photocurrent measurements of BiVO~4~, BiVO~4~:Mo and H-BiVO~4--*x*~:Mo prepared from BiOI deposited for 30 to 300 s ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), we observed a slight improvement due to Mo doping and hydrogen annealing only for samples prepared at a BiOI deposition time of 60 s. At BiOI deposition times of 120 and 300 s, undoped, unannealed BiVO~4~ showed the highest photocurrents, followed by BiVO~4~:Mo and then H-BiVO~4--*x*~:Mo.

![Linear potential sweeps at a scan rate of 10 mV/s for BiVO~4~, BiVO~4~:Mo and H-BiVO~4--*x*~:Mo obtained from BiOI deposited for 30 s (a), 60 s (b), 120 s (c) and 300 s (d) on flat *p*-type silicon in a solution of 1 M sodium sulfite (Na~2~SO~3~) and 0.5 M potassium phosphate (KPi) buffer at a pH of 7.0 under simulated AM 1.5 solar illumination.](sc-2018-05756a_0007){#fig6}

The reason for the decrease in photocurrent due to Mo doping and hydrogen annealing in these samples, contrary to a positive effect of these procedures reported in the literature,^[@ref41],[@ref46]^ is not known. We assume that this is, in the case of Mo doping, due to a different preparation procedure, i.e. reactive cosputtering, and a different electrodeposition route, in comparison to literature.^[@ref41],[@ref46]^ As for the hydrogen annealing, the used temperature in the present study might have been too high. While the applied temperature of 300 °C is below the value of 320 °C reported by Cooper et al. to induce lower photocurrents of BiVO~4~ when annealed in pure hydrogen atmosphere due to the formation of metallic species by reduction of BiVO~4~,^[@ref15]^ Gan et al. have reported the optimum to be at 250 °C in a 5% H~2~/95% Ar atmosphere.^[@ref14]^ Gan et al.^[@ref14]^ found that the photocurrent density of H-BiVO~4--*x*~ in a solution of 1 M sodium sulfite in 0.1 M borate buffer at pH 9 was substantially higher than that of BiVO~4~. They have attributed this to an increase in oxygen vacancies and introduction of hydrogen impurities through hydrogenation. These oxygen vacancies improve photoelectrochemical performance by improving the electrical conductivity, which enhances the charge transfer properties of H-BiVO~4--*x*~. Cooper et al. in contrast have argued that the improvement of photocurrent of postsynthetically annealed BiVO~4~ in 100% hydrogen atmosphere is not due to the introduction of oxygen vacancies, but rather to incorporation of hydrogen donors.^[@ref15]^ The authors found that annealing in H~2~ at temperatures up to 290 °C led to near-complete elimination of majority carrier transport limitations.^[@ref15]^

Performance of Flat vs Microwired Samples Containing H-BiVO~4--*x*~:Mo {#sec3.4}
----------------------------------------------------------------------

Photocurrent measurements were performed by linear potential sweeps from 0 to 2.0 V vs RHE at a scan rate of 10 mV/s, first in dark and then under simulated AM 1.5 solar illumination. The scans are shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf). The onset potential occurred at ∼1.10 V vs RHE in the absence, and at ∼0.35 V vs RHE in the presence of illumination. Photocurrents obtained at 0.5 and 1.1 V vs RHE are shown as a function of BiOI deposition time and microwire spacing in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The choice of photocurrent comparisons at 0.5 and 1.1 V is arbitrary and serves only to represent a low and a high bias region.

![Photocurrent densities vs microwire spacing (a, b) and BiOI deposition time (c, d) as a function of microwire spacing at 0.5 V (a, c) and 1.1 V (b, d) for projected (filled symbols, solid lines) and effective (empty symbols, dashed lines) sample areas of H-BiVO~4--*x*~:Mo-coated Si microwire arrays, of different lengths (a, b) and of 10.6 μm length (c, d) with sputtered ITO (20 min (squares), 5 min (circles)). Data is obtained from linear potential sweeps presented in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf).](sc-2018-05756a_0008){#fig7}

First, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows that deposition of BiOI for more than 60 s has little effect on the photocurrent density, independent of the microwire spacing. Furthermore, both in the low bias region at 0.5 V vs RHE and at 1.1 V vs RHE, microwire samples underperform flat Si surfaces. Finally, a larger microwire spacing is beneficial for the obtained current density.

Several reasons are plausible for this behavior. As discussed in the BiOI deposition section above, the ITO layer thickness on the microwires might have been too thin or the grown H-BiVO~4--*x*~:Mo layers might have been closer to the optimal range on the flat samples than on the microwires. However, the linear potential sweeps shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf) and the comparison of photoactivities at 0.5 and 1.1 V vs RHE in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} show that the underperformance of microwire-structured samples in comparison to flat samples is not due to ITO and H-BiVO~4--*x*~:Mo layer thicknesses, since the flat samples also show a better performance than the microwire-structured samples for thicker ITO and H-BiVO~4--*x*~:Mo layers. Therefore, we focus here on possible optical effects of the microwire arrays, and possible diffusion limitations present in the internal volume of the microwire array, to address the underperformance of the system containing silicon microwires. Furthermore, differences in the concentration and type of surface defect sites or specific catalytic sites (edges, steps, etc.) for structured versus planar semiconductor geometries will be addressed.

It has been frequently reported that structuring of the silicon surface with microwires enhances the photovoltaic performance due to enhanced light absorption and a larger junction area.^[@ref25],[@ref47],[@ref48]^ Indeed, Chakthranont et al. obtained higher photocurrents in BiVO~4~-induced sulfite oxidation on microwire-structured samples than on flat equivalents.^[@ref49]^ Chakthranont et al. deposited BiVO~4~ on so-called black silicon which shows a very high light absorption and is composed of needle-shaped (tapered) nanowires, in their case ∼3 μm length, ∼200 nm average diameter and ∼300 nm spacing. Our results appear to be in agreement with Boettcher et al., who prepared similarly sized microwire arrays with a radial *n*^+^/*p*-junction, deposited platinum on the tops and tested them for photocatalytic hydrogen evolution.^[@ref50]^ They found that the efficiency of silicon microwire photocathodes was 5.8% while that of planar control samples was 9.6%. In another publication, Boettcher et al. tested energy conversion efficiencies of *p*-type microwires for the reduction of methyl viologen (MV^2+^).^[@ref51]^ Again, they observed that flat surfaces outperformed microwires, demonstrating energy conversion efficiencies of 3.6% for structured and 12.9% for flat substrates, respectively. The authors argued that this is due to minimized optical absorption of the perpendicularly oriented illumination beam to the Si microwire arrays. Indeed, by tilting the substrate, the external quantum yield increased from ∼0.2 to close to 0.7 at 60°. Also, others have observed similar angle-dependent photocatalytic behavior on microwires.^[@ref52]^ On the basis of our results, we cannot determine whether microwires result in favorable, as shown by Elbersen et al.,^[@ref47],[@ref48]^ Kelzenberg et al.^[@ref25]^ or Chakthranont et al.,^[@ref49]^ or unfavorable optical characteristics.^[@ref47],[@ref48]^

Mass transfer effects have also been reported in the literature, which are in line with our observations and discussions on the electrochemical BiOI deposition. For instance, Xiang et al. studied the mass transport of 50 mM/5.0 mM cobaltocenium^+^/cobaltocene^0^ redox species in CH~3~CN -- 1.0 M LiClO~4~ electrolyte in-between *p*-type microwire arrays of 3 μm diameter, ∼100 μm length and 4 μm spacing in a square lattice.^[@ref53]^ They found that fill factors were low and that the obtainable photocurrent densities were limited to 17.6 mA/cm^2^ even under high illumination intensities due to mass transport limitations of the redox species within the internal volume of the silicon microwire arrays.^[@ref53]^ Their simulations with COMSOL Multiphysics showed that the solution-phase reagent concentration decreased to zero over the lower ∼70% of the wire length relative to the bulk concentration above the microwire, implying that more than two-thirds of the microwire length only contributed to light absorption but not to the redox process.^[@ref53],[@ref54]^ In agreement with our observations, Vijselaar et al. found that photovoltaic current densities of silicon microwires with a radial *p*/*n*-junction increase with increasing microwire spacing.^[@ref55]^ These results strengthen our hypothesis of diffusion limitation of redox species in the internal volume of the microwire array, which leads to an overall underperformance of the microwire structures compared to flat samples. To justify the results of Chakthranont et al., a positive light trapping effect of their nanowires (rather than microwires) might have overcompensated the negative diffusion effects, while the smaller dimensions of the wires also lead to a significantly shorter ion diffusion path length.

Finally, we would like to point out that changing the geometry of Si from flat to Si micropillars might lead to differences in the nanoscale morphology of the BiOI (which could arise from the observed different growth process and/or the increased roughness at the sidewalls of the micropillars compared to the flat Si substrates). This could be transferred onto the (again nanoscale) morphology of the BiVO~4~, and that way could contribute to a change in the intrinsic catalytic activity of the material. We see no clear signs of morphology changes in the deposited materials, yet a detailed assessment of the effect of structured defects, as e.g. provided for MoS~2~ by Jaramillo and co-workers^[@ref56]^ using *in situ* corrosion by combined illumination and cyclic voltammetry, should be performed to further assess the effects of defects on the performance comparison of flat *p*-doped Si and structured architectures. Whether or not it matters depends on the specific system at hand, as also illustrated for TiO~2~/BiVO~4~ nanowire heterostructures used as photoanode.^[@ref57]^

Conclusions {#sec4}
===========

In conclusion, molybdenum-doped and hydrogen-annealed H-BiVO~4--*x*~:Mo in different thicknesses was successfully deposited on ITO-coated, highly doped *p*-type silicon microwire arrays of 4 μm diameter, 4 to 20 μm spacing and 5 to 16 μm length, using BiOI as precursor. Deposition of BiOI appears to occur in three stages, i.e. nucleation of particles at the base and bottom of the wires, followed by rapid (homogeneous) growth, and termination by increasing interfacial resistances.

We encountered several unexpected effects that hampered the efficiency of our devices. After conversion of BiOI to BiVO~4~, the influence of Mo doping and hydrogen annealing in combination with different preparation methods was negative, as they decreased the photocatalytic performance of our H-BiVO~4--*x*~:Mo films. Since this is contrary to literature, this requires further investigation. Observed photocurrents for the oxidation of sodium sulfite (Na~2~SO~3~) on microwire-structured samples were mainly lower than on flat equivalents. While the presence of positive or negative optical effects cannot be excluded (photocatalytic activity tests at various tilt angles would be required), our results support the hypothesis that ion diffusion in the internal volume of the microwires dominates the lower performance of microwire-structured devices compared to flat samples. This is in agreement with the electrochemical data of BiOI deposition, and some existing literature. Overall, the results indicate that micro/nanostructuring of electrode surfaces can have different, counteracting effects on the various aspects of photoelectrical and photoelectrochemical processes, on the micro-, as well as nanolevel. These effects need to be unraveled for optimized designs of future PEC devices.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acssuschemeng.8b05756](http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.8b05756).Additional images of Si architectures containing BiOI and BiVO~4~ layers, time-dependent charge-density curves, XRD patterns and Raman spectra of the synthesized surfaces, linear potential sweeps of the devices in oxidation of sulfite ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05756/suppl_file/sc8b05756_si_001.pdf))
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